INTRODUCTION
Inositol 1,4,5-trisphosphate (InsP3) mediates the effect of receptors linked to polyphosphoinositide (PI) hydrolysis on intracellular Ca2+ mobilization in a variety of cells [1] . Ca2+ is a modulator of the physiological functions of the cells. InsP3 selectively binds to a receptor that incorporates a Ca2+-release channel and is localized to the endoplasmic reticulum, which is considered to be an intracellular Ca2+ store [2] . Previously, our group and others purified the InsP!3 receptors (InsP3Rs) from rodent cerebella, and determined their primary structures by cDNA cloning [2] [3] [4] [5] . The InsP3 binding sites and channel domains were shown to be in the N-terminal and C-terminal regions respectively [6, 7] . The remaining part of the receptor has phosphorylation sites recognized by protein kinase A (PKA) [8, 9] . and binding sites for ATP [3, 5, 10, 11] . Protein kinase C [12] and Ca2+/calmodulin-dependent protein kinase II [9, 12] also phosphorylate the InsP3R in vitro. Binding sites for calmodulin [10, 12] and Ca2+ [13] have also been reported. Alternative splicing [6, 14, 15] has been considered to confer further functional complexity. These studies suggest that InsP3R is a key molecule into which various kinds of signal pathways converge. Recently, cDNAs of distinct types of InsP3Rs have been cloned [16] [17] [18] . Thus the original receptor is now named the type-I receptor (InsP3Rl) and is widely distributed in various tissues.
We also isolated the cDNA of InsP3R from Drosophila tion along the neutrophilic lineage induced by retinoic acid or dimethylsulphoxide showed an accompanying enhanced expression of InsP3Rl mRNA. Immunohistochemical analysis of the cerebella of spinocerebellar degeneration patients showed a variable loss of Purkinje cells with an altered pattern of immunostaining. The InsP3Rl gene (Insp3rl) was localized to the 3P25-26 region of human chromosome 3. The data presented here clearly show that InsP3Rl exists widely in human tissues and may play critical roles in various kinds of cellular functions.
melanogaster [19] and Xenopus laevis [20] , and showed good preservation ofthis receptor among the species. Thus we assumed that a similar InsP3R exists in human cells. There are indeed studies showing that rapid formation of InsP3 and subsequent Ca2l release occur in response to extracellular stimuli in human cells, such as smooth muscle cells [21] , T-cells [22] and platelets [23] . Furthermore, PI-Ca2+ signalling could turn out to be linked with some specific human pathologies. Recently, the putative pathogenic gene product of the oculocerebrorenal syndrome of Lowe (OCRL) was shown to have strong homology with a soluble 75 kDa inositol polyphosphate-5-phosphatase [24] , suggesting that an altered metabolism of InsP3 affects Ca2+ signalling in OCRL patients [25] . Manic-depressive psychosis, characterized by swings in moods, is known to be well controlled by Li' administration, probably through its inhibitory action on inositol phosphate metabolism [26, 27] . In these situations, characterization of human InsP3R would be informative. Our previous study showed that InsP3R mRNA is present in the mouse uterus [28] . In the present study, we first showed that anti-(mouse InsP3Rl) monoclonal antibodies (mAbs) could cross-react well with the putative InsP3Rl in the human uterus. Subsequently, we isolated cDNA of human InsP3Rl from uterine libraries first by immunoscreening, followed by hybridization.
The amino acid sequence deduced from the cloned cDNA showed very strong homology with that of the rodent InsP3Rl. For preliminary characterization of human InsP3Rl, we studied two 782 N. Yamada and others systems for InsP3/Ca2+ signalling. We first chose HL-60 cells, originally derived from a patient with acute promyelocytic leukaemia [29] , to examine the transcriptional regulation of InsP3R1 during differentiation along the neutrophilic lineage. Secondly, we focused on cerebellar Purkinje cells which are abundant in InsP3Rl in both mouse [30] and human [311.
Immunohistochemical analysis with the anti-(mouse InsP3Rl) mAb reveals that immunoreactive patterns of Purkinje cells have changed significantly in spinocerebellar degeneration. In addition, we mapped the human InsP3R 1 gene (Insp3rl) to the specific locus of human chromosome 3 and discuss its relevance to already mapped diseases and genes.
MATERIALS AND METHODS
Human tissue preparation Normal parts of myometrium were obtained from pathological samples of myoma uteri. Oviducts were also obtained from them. The patients were in either their 30s or 40s without complications. These tissues were cut into pieces and kept at -80°C until use.
Preparation of membrane functions and immunoblot analysis
The microsomal fraction (P3) of mouse cerebella was prepared as described [30] . Crude membrane protein fractions (P2 + P3) of human uteri and oviducts were prepared as described [5] . After SDS/PAGE (5-10 ,ug/lane) [32] , the proteins were transferred to nitrocellulose membranes (Hybond-ECL; Amersham), and [36] with mAbs 4C1 1, lOA6 and 18A10 as described [3] . All the libraries were also screened by plaque hybridization using the 32P-labelled cDNA inserts of mouse InsP3RI clones [3] and putative human InsP3R clones (5 x 105 c..p.m. per ml). Plaque hybridization and washing procedures using the mouse probes were performed at 50-60 'C. In the case of the human probes, those were performed at 65 'C instead. The sequences ofpositive cDNA inserts were determined from both strands as described [19] . Some parts of the human InsP3Rl cDNA were also isolated from a library derived from dimethylsulphoxide (DMSO)-treated HL-60 cells.
Northern-blot analysis of human uteri and oviducts 8000 bases Poly(A)+ RNAs (5 jug) from human uteri and oviducts and total RNA (5 ug) from the cerebella of ICR mice (Japan SLC) were
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electrophoresed and blotted on to nylon membrane filters. Northern blots were probed by the 32P-labelled human clone 6Y (Figure la) as described [3] . [7, 19] . The assay were performed as described previously [7] . [40] . After coating with nuclear track emulsion (NTB2; Kodak), the slides were exposed for 20 days at 4°C, and then developed.
To avoid slipping of silver grains, chromosome spreads were first stained with buffered Giemsa solution and metaphases were photographed. R-banding was then performed by the fluorochrome-photolysis-Giemsa method and metaphases rephotographed.
RESULTS AND DISCUSSION
Western-blot analysis of human tissues
We first determined whether human tissues possess proteins immunoreactive with the anti-(mouse InsP3R1) mAbs. Previously, we showed that InsP3Rl is located in smooth-muscleenriched tissues of mice such as myometrium [28] . The crude membrane fraction of both human uteri and oviducts contained a 220 kDa putative InsP3Rl protein which was immunoreactive with all three mAbs ( Figure 2) . The protein has a slightly lower molecular mass than that of the mouse cerebellar InsP3Rl (250 kDa), probably due to tissue-specific alternative splicing [15] .
Isolation of human InsP3R cDNA
To isolate human InsP3R cDNA from uterus, we constructed three human uterine cDNA libraries (see the Materials and methods section). We first immunoscreened the expression library by mAb 18A10, and isolated several positive clones including clone R62 (Figure la .
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The complete cDNA sequence (9076 nucleotides) was determined by sequencing the six uterine clones shown in Figure  l( The surrounding sequence of a putative initiation codon, GAGATGT, was in relatively good accordance with Kozak's optimal sequence for translation initiation [41] , although another in-frame methionine-coding codon (nucleotides 269-271) might be used as a translation initiation signal. We could not find any poly(A) tracts in uterus-derived clones. There was an adenylation control element (UUUUUAU) assumed to be involved in the control of translation [42] 89 nucleotides upstream of the polyadenylation signal. We also isolated six cDNA clones for the InsP3Rl from a cDNA library of DMSO-treated HL-60 cells. From these clones, we could determine the sequence of 4387 bases including the complete 3' untranslated region and a poly(A) tract. The 5' 3932 base sequence of the cloned myeloid cDNA completely matched with the 3'-terminal sequence of the uterine cDNA. Thus the total length of cDNA isolated was 9531 nucleotides long. The complete 3' untranslated region of HL-60 cells contained one polyadenylation signal, while that of the mouse InsP3Rl [3] had two. Northern-blot analysis (Figure 3 ) of human uteri and oviducts showed that the cloned cDNA could hybridize with single RNA of approx. 10 kb, which agreed with that of the mouse InsP3Rl mRNA [3] .
Sequence comparison among the insP3R family
The human InsP3R deduced from the cDNA sequence was composed of 2695 amino acids with a calculated molecular mass of 307 kDa. The amino acid sequence of the human InsP3R has 99 % identity with the sequences of both mouse and rat InsP3Rls. Mouse and rat InsP3Rls share approx. 70% and 62% identity with the rat type-2 [16] and type-3 [17] receptors respectively. Therefore, our human clones could be InsP3Rl. Furthermore, the present human receptor was categorized as one of the alternative-splicing subtypes of mouse InsP3Rl [15] , lacking two splicing segments SI and SII (SI-/SII-subtype) (Figure 4 ). Our sequence data on SI1 splicing was consistent with the previous observation that the SII+ subtype exists exclusively in neuronal tissues [14, 15] .
It should be noted that Ser-666 is a human-specific insertion, and is not found in the corresponding site of InsP3Rls from other species (Figure 4) . Among 32 amino acid replacements between human and mouse InsP3R1, 17 replacements concentrate in three areas. Four replacements concentrate in Area 1 (Thr-1 128-Gln-1 149: 22 amino acids), six in Area 2 (Val-1684-Met-1730: 47 amino acids), and seven in Area 3 (Ser-2434-Val-2460: 27 amino acids). These areas are also consistent with the variable regions among the InsP3R family (Figure 4) . The sequence similarity between the mouse InsP3R1 [3] and the rabbit ryanodine receptor (RyRI) [43] is also observed in human InsP3Rl (e.g. eight conserved Cys residues: Cys-623, -1231, From previous studies [3, 19, 44] , we have proposed that InsP3R traverses the membrane six times. Therefore, we assigned the names M1-M6 to these six sequences (Ml, residues 2222-2240; M2,2254-2272; M3,2298-2317; M4,2337-2353; M5,2386-2408; and M6, 2516-2535). M1-M4 are less conserved among the whole InsP3R family than M5 and M6 (Figure 4) , which are homologous even with the RyR family. Of eight cysteine residues conserved in InsP3Rs and RyRI described above, four cysteine residues are present in this region (Figure Ib) , suggesting the existence of a common mechanism to maintain or regulate the receptor-channel conformation. In the N-terminal half of the putative third intraluminal loop (between M5 and M6), there are many acidic residues and putative N-glycosylation sites (NET, 2421-2423; NCS, 2449-2451) in addition to Area 3 ( Figure 4) . We recently confirmed that the mouse InsP3Rl is glycosylated at these corresponding positions in an Asn-linked manner [44a] . Interestingly, human InsP3R2 has two consensus sites in these corresponding positions, while human InsP3R3 has one [44b] . The function of these sugar chains of the InsP3R family remains obscure. The cluster of acidic residues seems to be involved in efficient Ca2+ permeation by concentrating Ca2+ near the putative channel pore [19] . In spite of the sequence variability in Area 3, these acidic residues (Asp and Glu) are strictly conserved among the InsP3Rls. Thus the stretch could constitute an integral part of this type of Ca2+ channel. The sequence divergence in the regions such as Area 3 in turn may be related to the distinct channel properties among the family.
Putative InsP3-binding region Previously, we showed that the 650 N-terminal amino acids are a prerequisite for InsP3 binding [7] . The amino acid sequence of the corresponding region of human InsP3Rl (Met-l-Glu-635) is almost identical with that of mouse, except for SI deletion and two conservative amino acid substitutions (human/mouse, Thr-43/Ala-43; Val-408/Leu-423). In and near this region, 11 Cys residues are conserved among the InsP3R family (Figure lb: Cys-56, -61, -206, -292, -379, -541, -623, -638, -730, -753, and -768). In addition, it was reported that mutation of Arg-615 of RyRi to Cys has been identified as the possible cause of pig malignant hyperthermia characterized by hypersensitive gating of RyRI [45] . This mutation of RyRI is thought to lead to abnormal regulation of the channel gating by its ligands and modulators. There is 31 % sequence identity between the 30 amino acids surrounding Arg-615 of RyRI and human InsP3Rl (note that Cys-623 in the corresponding region ofhuman InsP3Rl is also conserved in RyRI: Figure lb) . This homologous region is therefore a candidate site concerned with the fundamental architecture for the binding of analogous ligands and/or for the coupling of ligand binding to channel opening.
Modulatory region
The vast region between the putative InsP3-binding region and the transmembrane region, has been designated as the modulatory region. Two consensus sites for PKA phosphorylation in rodent InsP3Rls [3, 4] are conserved in human forms also (RRDS/1571-1574, RRES/1698-1701). The rodent InsP3Rl has the neuronal tissue-specific SII splicing segment (40 amino acids) between these two potential phosphorylation sites [15] . [14] . Two potential ATP-binding sites (GXGXXG) have been found in rodent InsP3RI [3, 4] . One is well-conserved among the InsP3R family (ILGLLG; 1962 -1967 in human InsP3R1). The other site is in Area 2 where the amino acid sequence is divergent even among InsP3Rls, and is composed of two overlapping consensus sequences in rodent forms. A replacement (human/mouse, Gly-1716/Ser-1770) of this area adds one more overlapping consensus sequences (GPGKPGGGGGGSG; 1714-1726) to human InsP3Rl. Because of the amino acid sequence diversity, the later consensus sequences are absent in Drosophila InsP3R, and rat InsP3R2 and InsP3R3. Removal of the SIT segment creates an additional consensus sequence for ATP binding in rodent [46] and human SII-InsP3Rl (GYGEKG; [1673] [1674] [1675] [1676] [1677] [1678] . Thus the alternative splicing might control patterns of ATP binding as well as PKA phosphorylation of InsP3Rl, resulting in modulation of channel activity [10,1 1,47,48,48a] . It is known that the ATP binding to the purified cerebellar InsP3R1, which is predominantly the SII+ subtype [15] without the additional ATP-binding consensus site, has a stoichiometry of one [10] . Therefore, the actual ATPbinding site and its physiological role may vary depending upon cell types. There is a cluster of 13 cysteine residues (Cys-1 173, -1231, -1270, -1284,-1312, -1370, -1382, -1400, -1415, -1507, -1521, -1632, -1657) in 484 residues (1173-1657) which is strictly conserved in the InsP3R family (Figures lb and 4) . Only Cys-1231 is conserved in RyRI. Around this region, there is the longest stretch of non-homologous sequence (Cys-1405-Ser-1736 in human InsP3Rl) between InsP3R and RyR [3] . It was recently proposed that InsP3Rl has distinct classes of cysteine residues with different sensitivities to thiomerosal, and that modification of specific cysteine residues by the reagent can alter InsP3-induced Ca2+ release without affecting Ca2+-binding activity [49] . Thus some of the cystine residues in the modulatory and channel regions may take part in the regulation of Ca2+-channel activity of InsP3Rl. Northern-blot analysis of dMerentiated HL-60 cells To evaluate the expression pattern of InsP3RI gene during cell differentiation, we used HL-60 cells whose differentiation toward the neutrophilic lineage is induced by RA or DMSO [50] . In undifferentiated HL-60 cells, a probe for human InsP3Rl detected a single 10-kb mRNA species in Northern-blot analysis (Figure InsP3R gene in HL-60 cells exposed to either RA or 1,25-dihydroxyvitamin D3 by using a mouse InsP3R probe. A previous study detected an increase in functional InsP3 binding in cells exposed to either RA or DMSO [51] . Our data obtained with human InsP3R1 probes are consistent with those results and suggest that the complex regulatory mechanism of InsP3Rl mRNA expression could exist in the cells. In addition, it was recently shown that InsP3-sensitive intracellular Ca2+ stores regulate Ca2+ influx in HL-60 cells [54, 55] and that the capacity of the Ca2+ signalling system composed of Ca2+ release and influx appeared to increase during cellular differentiation [55] . Thus the upregulation of InsP3R1 transcription in the neutrophilic differentiation may reflect the increase in the overall capacity of the Ca2+-signalling system.
Immunohistochemistry of human cerebella
In rodents, InsP3Rl is located predominantly in cerebellar Purkinje cells [3, 56, 57] . It is known that there are various mouse cerebellar mutations like Purkinje cell degeneration, nervous, Lurcher and staggerer that show massive degeneration or marked underdevelopment of Purkinje cells [58] , causing the reduction in InsP3Rl expression [3] . InsP3Rl mRNA is also observed in human cerebella by Northern blotting (results not shown). To establish the localization of InsP3Rl in human cerebella, we performed immunohistochemical analysis of normal and abnormal cerebella of humans using mAb 4C1 1, which reacts with human uterus and oviduct InsP3R1 (Figure 2) . In normal cerebella, Purkinje cells were predominantly immunostained. The cell bodies, dendrites and axons of the cells were specifically immunostained (Figure 7a ). The dendrites were clearly visualized, not only their main dendritic trunks but also the spiny branchlets studded with numerous spines. The axons of the Purkinje cells were traceable to the dentate nucleus, where the presynaptic terminals of the axons were seen as immunopositive products around the immunonegative cell bodies and dendrites of the dentate nucleus neurons. In the cerebella of the spinocerebellardegeneration patients, the most striking feature was that spiny branchlets of the Purkinje cell dendrites were not stained, although atrophic cell bodies and main dendritic trunks were intensely stained (Figure 7b ). There were some Purkinje cells whose cell bodies were completely negative for the InsP3R1 (Figure 7c ). Purkinje cell axons and torpedoes were more intensely stained than the cell bodies (Figure 7d ). Our previous study suggested that the mRNA of InsP3Rl might well exist in the dendrites of Purkinje cells [56] . A limited number of other mRNAs were shown to be present in dendrites [59, 60] . The dendritic localization may permit the local regulation of their translation, probably including regulation by synaptic activity. Therefore, the patchy distribution of InsP3R1 protein observed in the cerebella of those patients may reflect the loss of such local regulation. These findings demonstrate that InsP3Rl is potentially important in normal brain physiology, such as long-term depression in cerebellum [61] to the p25-p26 region of the chromosome 3, with the maximum in the 3p26 band (Figure 8) . These results allow us to map the InsP3Rl gene (Insp3rl) to the 3p25-p26 bands of the human genome. Comparison with chromosomal mapping of the mouse [56] reveals that the c-raf-J gene (3p25 in the human genome [62] ) exists in the vicinity of the InsP3R1 gene in both species. The short arm of chromosome 3 is one of four regions of human chromosomes where loss of heterozygosity often accompanies many types of tumours, suggesting the existence of tumour suppressor genes in the regions [63] . The genetic locus (3p25-26) is also coincidental with that of von Hippel-Lindau disease [64] , the disease gene ofwhich behaves as a typical tumour suppressor. Recently, a putative tumour-suppressor gene of the disease was isolated and partially sequenced [65] . We compared the deduced amino acid sequence of that gene with that of human InsP3R1, and could not detect any homology between the two genes.
